Abstract. Colorectal cancer (CRC), a commonly occurring malignant tumor in the gastrointestinal tract, is the third leading cause of cancer-related deaths worldwide. FK506-binding proteins (FKBPs) comprise an immunophilin family that are involved in the carcinogenesis, progression and chemoresistance of cancers, including CRC. FKBP3 (also known as FKBP25) is a nuclear protein that is a member of the FKBP family and is correlated with the activity of histone deacetylase 2 (HDAC2). However, the role of FKBP3 and HDAC2 in oxaliplatin resistance in CRC and the potential molecular mechanisms are still poorly understood. In the present study, the expression of FKBP3, HDAC2 and related-genes was detected by real-time PCR and western blot analysis. Furthermore, cell apoptosis was detected by flow cytometry (FCM). We found high expression of FKBP3 and HDAC2 in CRC tissues. In vitro, primary CRC cells with high expression of FKBP3 and HDAC2 were insensitive to oxaliplatin. Downregulation of FKBP3 significantly increased the sensitivity of primary CRC cells to oxaliplatin, reduced expression of HDAC2, permeability glycoprotein (P-gp) and phosphorylated AKT (p-AKT), and increased expression of phosphatase and tensin homolog (PTEN) and cleaved caspase-3. Accordingly, upregulation of FKBP3 had the opposite effect. Furthermore, downregulation of HDAC2 significantly counteracted FKBP3-induced oxaliplatin resistance in CRC cells. Our data revealed that oxaliplatin resistance in CRC cells is positively associated with FKBP3 and HDAC2 expression, and FKBP3 downregulation could attenuate oxaliplatin resistance in CRC cells by reducing HDAC2 expression and possibly through regulation of the PTEN/AKT pathway.
Introduction
Colorectal cancer (CRC), a commonly occurring malignant tumor in the gastrointestinal tract, is the third leading cause of cancer-related deaths worldwide, causing approximately 600,000 deaths each year (1, 2) . Each year, more than one million new CRC patients are diagnosed worldwide (3) , and in China, especially in underdeveloped areas, the incidence of CRC is increasing rapidly (4) . Currently, oxaliplatin-based chemotherapy is the primary strategy for CRC treatment; however, patients ultimately relapse due to drug resistance (5) . Oxaliplatin is reported to be the first platinum compound to be effective for the treatment of CRC (6) , through inhibition of tumor cell growth and G2-phase cell cycle arrest (7) . However, resistance to oxaliplatin poses a huge challenge to CRC treatment, and its underlying mechanism remains unclear.
Phosphatase and tensin homolog deleted on chromosome 10 (PTEN) is a lipid phosphatase that frequently serves as a tumor suppressor in multiple human cancers (8) . It has been reported that PTEN is of great significance in the progression of CRC (9, 10) . PTEN can antagonize the action of the AKT pathway, and studies have implicated the PTEN/AKT pathway to be associated with drug resistance in several types of cancer (11, 12) . For example, microRNA-21 was found to overcome sorafenib-resistance of liver cancer cells through the PTEN/AKT pathway (11) . In addition, overexpression of microRNA-22 was able to reverse paclitaxel-resistance of CRC cells by activating PTEN (12) .
FK506-binding proteins (FKBPs), an immunophilin family, bind immunosuppressive drugs and are involved in various processes, including cancer progression and chemoresistance (13) . It has been shown that FKBP51 can inhibit the cell proliferation in CRC (14) . Additionally, the tumorigenesis and chemoresistance of cancers can be negatively regulated by USP49 through FKBP51/AKT signaling (15, 16) . FKBP3 (also known as FKBP25), a nuclear member of the FKBP family, has been shown to transcriptionally regulate the expression of p53 and p21 (17) . Previously, it was also reported to be associated with the activity of histone deacetylases 1/2 (HDAC1/2) (18). HDACs are an ancient superfamily of enzymes containing multiple members including HDAC1 and HDAC2, and are involved in the development and progression of human cancers (19) . Overexpression of HDACs has been observed in a variety of human cancers such as CRC (20) , and downregulation of HDAC2 was found to inhibit the cell growth of liver cancer cells by the PTEN/PI3K/AKT pathway (21) . In addition, a study revealed that FKBP3 promotes lung cancer cell proliferation through the regulation of Sp1/HDAC2/p27 signaling (22) . However, the role of FKBP3 and HDAC2 in oxaliplatin resistance in CRC and its potential molecular mechanisms are still poorly understood.
Here we showed that FKBP3 and HDAC2 are highly expressed in CRC tissues. Compared to CRC cells with low FKBP3 expression, CRC cells with high FKBP3 expression were more insensitive to oxaliplatin treatment, concurrent with decreased cleaved caspase-3 and increased B-cell lymphoma-2 (Bcl-2) expression. Downregulation of FKBP3 significantly increased apoptosis in oxaliplatin-resistant CRC cells, reduced the expression levels of HDAC2, permeability glycoprotein (P-gp) and phosphorylated AKT (p-AKT), and increased expression of PTEN and cleaved caspase-3. Furthermore, downregulation of HDAC2 reversed FKBP3-induced oxaliplatin resistance in CRC cells. Our data demonstrated that FKBP3 and HDAC2 expression increased oxaliplatin resistance in CRC cells, and that the downregulation of FKPB3 re-sensitized cells to oxaliplatin by reducing HDAC2 expression, and possibly through the regulation of the PTEN/AKT pathway.
Materials and methods

CRC tissues and adjacent normal tissues.
Samples from a total of 58 CRC patients (age range, 40-70 years; 30 males and 28 females) were collected from June 2017 to June 2018). All patients enrolled in this study were treated at Shanghai Municipal Hospital of Traditional Chinese Medicine Affiliated to Shanghai TCM University (Shanghai, China. Tumor and adjacent normal tissues were collected from these patients after the receipt of written informed consent. Tissues were frozen and stored in liquid nitrogen immediately before use. After total RNA extraction, the expression of FKBP3 and HDAC2 in tissues was detected. All experiments conducted in this study were approved by the Ethics Committee of Shanghai Municipal Hospital of Traditional Chinese Medicine Affiliated to Shanghai TCM University (Shanghai, China). Experimental grouping. Primary CRC cells with high expression of FKBP3 were divided into four groups and infected with FKBP3 overexpression (oeFKBP3)/vector and FKBP3 interference (shFKBP3)/negative control (shNC) lentiviruses. Forty-eight hours after infection, the efficiency of oeFKBP3 and shFKBP3, as well as the expression of HDAC2 were evaluated by real-time PCR and western blot analysis.
To further investigate the role of FKBP3 and HDAC2 in oxaliplatin resistance in CRC, the primary CRC cells with high expression of FKBP3 were treated with shNC+vector+40 µg/ml oxaliplatin (O124003; Aladdin), shFKBP3+40 µg/ml oxaliplatin, or oeFKBP3+40 µg/ml oxaliplatin. Primary cells were also treated with shNC+vector+40 µg/ml oxaliplatin, oeFKBP3+40 µg/ml oxaliplatin, shHDAC2+40 µg/ml oxaliplatin, or oeFKBP3+shHDAC2+40 µg/ml oxaliplatin. Twenty-four hours after oxaliplatin treatment, cell apoptosis and the expression of related-proteins were quantified, and the 24-h treatment of oxaliplatin had a significant decrease in apoptosis in CRC primary cells, and thus this time point was selected for further experiments.
Real-time polymerase chain reaction (qPCR) assay. Total RNA from primary CRC cells or treated cells was extracted using TRIzol reagent (cat. no. 1596-026; Invitrogen; Thermo Fisher Scientific, Inc.). After quantification, the integrity of extracted RNA was confirmed by electrophoresis using a 1% gel. Subsequently, 1 µg of RNA was reverse transcribed into cDNA using a Reverse Transcription Kit (#K1622; Fermentas; Thermo Fisher Scientific, Inc.). Using the cDNA as a template, the qPCR reactions were conducted on a Real-time PCR system (cat. no. ABI-7300; Applied Biosystems; Thermo Fisher Scientific, Inc.) with a SYBR-Green PCR kit (#K0223; Thermo Fisher Scientific, Inc.). The mRNA expression levels of FKBP3 and HDAC2, normalized to GAPDH, were calculated by the 2 -ΔΔCq method (23) . The primers used are listed as follows: FKBP3 forward, 5'-ACC CAA AGA AAC CAA GTC-3' and reverse, 5'-ATA CCA GCA GTG AAC AAC-3'; HDAC2 forward, 5'-GCT GGG ATT ACA GGT GTG AG-3' and reverse, 5'-AGG CTG AGG TGG GAG AAT AC-3'; GAPDH forward, 5'-AAT CCC ATC ACC ATC TTC-3' and reverse, 5'-AGG CTG TTG TCA TAC TTC-3'. The qPCR program was as follows: 95˚C for 10 min (95˚C for 15 sec; 60˚C for 45 sec) x40; 95˚C for 15 sec; 60˚C for 1 min; 95˚C for 15 sec; 60˚C for 15 sec (24) .
Western blot analysis. Western blot analysis was performed as previously described to determine the levels of related-proteins in CRC cells (25) . Total proteins from primary CRC cells or treated cells were extracted using RIPA buffer containing protease and phosphatase inhibitors (cat. no. R0010, Solarbio, Beijing, China). Following quantification by a BCA Kit (cat. no. PICPI23223; Thermo Fisher Scientific, Inc.), 25 µg of protein were separated on 10 or 8% SDS-polyacrylamide gels. Subsequently, proteins were transferred to polyvinylidene fluoride (PVDF) membranes (cat. no. HATF00010; EMD Millipore, Billerica, MA, USA) using a semi-dry transfer and blocked in 5% skim milk (cat. no. BYL40422BD; Biosciences, Franklin Lakes, NJ, USA) at room temperature for 1 h. The membranes were incubated with primary antibodies against FKBP3 (dilution 1:2,000; cat. no. Ab16654; Abcam, Cambridge, UK), HDAC2 (dilution 1:2,000; cat. no. Ab32117, Abcam), PTEN (dilution 1:500; cat. no. Ab31392; Abcam), P-gp (dilution 1:200; cat. no. 103477; Abcam), AKT [dilution 1:1,000; cat. no. 4685; Cell Signaling Technology (CST), Inc., Danvers, MA, USA], p-AKT (dilution 1:2,000; cat. no. 4060; CST), cleaved caspase-3 (dilution 1:1,000; cat. no. Ab13847; Abcam), and GAPDH (dilution 1:2,000; cat. no. 5174; CST) overnight at 4˚C. The next day, the membranes were washed 5-6 times and incubated with HRP-labeled goat anti-rabbit (cat. no. A0208) and goat anti-mouse (catalog no. A0216) secondary antibodies (dilution 1:1,000; Beyotime Institute of Biotechnology, Haimen, China) at room temperature for 2 h. After 5-6 washes, the blots were developed with a chemiluminescent reagent (cat. no. WBKLS0100; EMD Millipore) for 5 min prior to exposure on an ECL imaging system (Tanon-5200; Tanon Science and Technology Co., Ltd., Shanghai, China). GAPDH served as an internal control; the expression of proteins was analyzed and calculated by ImageJ software (version 1.47v; National Institutes of Health, Bethesda, MD, USA). Statistical analysis. GraphPad Prism 7.0 software (GraphPad Software, Inc., La Jolla, CA, USA) was applied in this study to analyze the statistical significance. The significance between two groups was analyzed by two-tailed Student's t-test, while one-way analysis of variance (ANOVA) with a post-test of Tukey's multiple comparison were used for three or more groups. Pearson's correlation analysis was also applied for the correlation between the two groups. Based on three independent experiments, data are expressed as mean ± SD and P-values <0.05 were defined to be statistically significant.
Results
Expression of FKBP3 and HDAC2 is significantly increased in tumors of CRC patients.
After RNA extraction of tissues, qPCR assay was performed to detect FKBP3 and HDAC2 expression. As demonstrated in Fig. 1 , we found that, compared to normal tissues, the expression of FKBP3 (Fig. 1A) and HDAC2 (Fig. 1B) at the mRNA level in tumors was significantly increased. Importantly, Pearson analysis showed that the expression of HDAC2 was positively correlated to FKBP3 expression (Fig. 1C) . This suggests that FKBP3 and HDAC2 are critically important in CRC progression.
High expression of FKBP3 increases resistance to oxaliplatin in primary CRC cells.
Previous studies have shown that oxaliplatin resistance in cancers displays different behaviors, including inhibition of apoptosis (26) . Here, we evaluated apoptosis levels to assess Ooxaliplatin resistance in CRC cells.
We isolated primary cells from 12 CRC tissues and examined the expression levels of FKBP3 and HDAC2. We found that both FKBP3 ( Fig. 2A and C) and HDAC2 ( Fig. 2B and C) were highly expressed in 6 primary CRC cell lines (G, H, I, J, K, L), and relatively lowly expressed in another 6 cell lines (A, B, C, D, E, F). Subsequently, the cells were treated with oxaliplatin at 40 µg/ml for 24 h. The results in Fig. 2D showed that, compared to CRC cells with low FKBP3 expression (A-F), the percentage of apoptotic cells in CRC cells with high FKBP3 expression (G-L) was significantly decreased. Concurrently, the expression of cleaved caspase-3, a cysteine protease that has been reported to be an important regulator for programmed cell death or apoptosis, was significantly decreased in CRC cells with high FKBP3 expression, and Bcl-2, an antiapoptotic protein, was increased, while caspase-3 was unchanged (Fig. 2E) (27, 28) . This suggests that oxaliplatin resistance in CRC cells may be positively associated with FKBP3 and HDAC2 expression.
Downregulation and upregulation of FKBP3 in primary CRC cells by lentiviral infection.
Primary CRC cells were infected with shFKBP3/shNC or oeFKBP3/vector lentiviruses. The results in Fig. 3 show that the expression of FKBP3 (Fig. 3A and C) at the mRNA and protein levels in primary CRC cells was markedly downregulated by shFKBP3 and upregulated by oeFKBP3. In addition, the expression of HDAC2 in primary CRC cells was positively regulated by FKBP3 expression (Fig. 3B and C) . This indicates that HDAC2 is a possible downstream target of FKBP3, which can be regulated by FKBP3. shFKBP3 and oeFKBP3 lentiviruses were used for the following experiments.
Downregulation of FKBP3 decreases oxaliplatin resistance in CRC cells and regulates the PTEN/AKT pathway.
The underlying mechanisms of FKBP3 in regulating oxaliplatin resistance in CRC cells were investigated. We downregulated or upregulated the expression of FKBP3 in a primary CRC cell line and found that downregulation of FKBP3 significantly promoted apoptosis in oxaliplatin-resistance CRC cells, whereas FKBP3 upregulation had the opposite effect (Fig. 4A) . Several related-proteins were also assessed. PTEN, as a tumor suppressor, is a potent inhibitor of the AKT pathway (29) . It has been reported that PTEN regulates cellular processes such as apoptosis in cancers through the AKT pathway (30) (31) (32) . P-gp, encoded by multidrug resistance-associated protein (MRP), is a major indicator of drug resistance, and caspase-3 is one of the major apoptosis-executing enzymes. As shown in Fig. 4B , downregulation of FKBP3 significantly decreased HDAC2 and P-gp expression, and increased cleaved caspase-3 expression, while full-length caspase-3 was unchanged, and FKBP3 upregulation had the opposite effect. Furthermore, downregulation of FKBP3 decreased AKT phosphorylation and increased PTEN expression in oxaliplatin-resistant CRC cells, while the expression of AKT was unchanged (Fig. 4C) . This demonstrated that downregulation of FKBP3 can increase the sensitivity of CRC cells to oxaliplatin and FKBP3 possibly regulates the PTEN/AKT pathway in oxaliplatin-resistant CRC cells.
FKBP3-induced resistance to oxaliplatin in CRC cells is mediated by HDAC2.
Next, we knocked down the expression HDAC2 in CRC cells (Fig. 5A ) and found that downregulation of HDAC2 also significantly increased apoptosis in oxaliplatin-resistant primary CRC cells (Fig. 5B) , accompanied by decreased expression of P-gp and p-AKT, and increased expression of PTEN and cleaved caspase-3 ( Fig. 5C and D) , and unchanged full-length caspase-3, which was similar to FKBP3 downregulation. In addition, FKBP3-induced inhibition of apoptosis in oxaliplatin-treated CRC cells was significantly counteracted by HDAC2 downregulation. These results further revealed that downregulation of FKBP3 can attenuate the resistance of CRC cells to oxaliplatin by reducing HDAC2 expression.
Discussion
Studies have demonstrated that several members of the FK506-binding proteins (FKBPs) such as FKBP38, FKBP52 and FKBP65 potentially play an important role in the tumor progression and its acquisition of chemoresistance (33, 34) . For example, FKBP38, a noncanonical member of the FKBP family, contributes to tumorigenesis and chemoresistance by interacting with B-cell lymphoma-2 (Bcl-2) (34).
In the present study, elevated expression of FKBP3 and histone deacetylases 2 (HDAC2) was observed in colorectal cancer (CRC) tissues. Primary CRC cells with high FKBP3 and HDAC2 expression were insensitive to oxaliplatin, suggesting that oxaliplatin resistance in CRC cells may be positively associated with FKBP3 and HDAC2 expression. Furthermore, we showed that downregulation of FKBP3 or HDAC2 significantly increased the sensitivity of CRC cells to oxaliplatin by promoting apoptosis, which is in agreement with previous reports (15, 16, 33, 34) , suggesting that FKBP3 and HDAC2 may be involved in chemotherapy resistance in primary CRC cells. We also explored the underlying mechanisms by which FKBP3 downregulation attenuates the resistance of CRC cells to oxaliplatin. It has previously been reported that FKBP3 is correlated with the activity of HDAC2 (18), which modulates histone acetylation, thus regulating the expression of apoptosis-related genes (35, 36) . Consistent with these reports, our study found that downregulation of FKBP3 in CRC cells markedly decreased HDAC2 and P-glycoprotein (P-gp) expression, and increased expression of pro-apoptotic molecule, cleaved caspase-3, whereas FKBP3 upregulation had an opposite effect. This suggests that HDAC2 is a possible downstream effector of FKBP3 and may be involved in the carcinogenicity and drug-resistant capabilities of FKBP3 in CRC. In addition, downregulation of HDAC2 significantly increased the sensitivity of primary CRC cells to oxaliplatin by promoting apoptosis, accompanied by decreased expression of P-gp and p-AKT, and increased expression of phosphatase and tensin homolog deleted on chromosome 10 (PTEN) and cleaved caspase-3. Furthermore, HDAC2 downregulation significantly attenuated the effects of FKBP3 upregulation, providing further evidence that FKBP3 regulates the resistance of CRC cells to oxaliplatin, possibly through modulation of HDAC2 expression. It has been reported that FKBP3 functionally associates with histone deacetylases, such as HDAC1 and HDAC2, and through the recruitment of HDAC1 or HDAC2, FKBP3 could free up acetylated lysine residues in mouse double minute 2 homolog (MDM2), making them available for auto-ubiquitylation (18, 37) . Finally, we found that downregulation of FKBP3 significantly decreased AKT phosphorylation and increased PTEN expression in oxaliplatin-resistant CRC cells. A recent study has shown that the PI3K/AKT pathway is associated with chemotherapy resistance, mainly through evasion of cellular apoptosis (38) . PTEN can negatively regulate the PI3K/AKT pathway by dephosphorylating PIP3 to PIP2, preventing all downstream signaling events that are regulated by AKT (39, 40) . It is well-known that the PI3K/AKT pathway is involved in the regulation of cell proliferation and survival, and constitutively active AKT can protect cells from apoptosis by suppressing caspase-3, as well as decreasing the sensitivity of tumor cells to pro-apoptotic agents (38, 41) . AKT signaling was also discovered to be appreciably activated in tumors and functions in drug resistance (42) . Therefore, we inferred that FKBP3 could regulate the PTEN/AKT pathway, and that the PTEN/AKT pathway may be involved in FKBP3 regulation of chemoresistance in CRC cells; however further experiments are needed to definitively address this conclusion. For example, after inhibition or activation of PTEN/AKT, FCM should be used to analyze the apoptosis in FKBP3-overexpressing or -silenced CRC cells, as well as to detect related proteins by western blotting. There are also limitations in the present study; for example, the lack of time points of oxaliplatin treatment, reference of shFKBP3 interference sequence, as well as the lack of experiments for supporting our hypothesis. If possible in the future, several types of shFKBP3 targeting different sequences will be tested to select shRNAs with optimal interference effect, and more time points of oxaliplatin treatment should be tested in the future to make our research more credible. Moreover, an inhibitor of PETN/AKT can be applied to further study the mechanisms of FKBP3, HDAC2 and the PTEN/AKT pathway in CRC.
In conclusion, the present study demonstrated the critically important role of FKBP3 and HDAC2 in the resistance of CRC cells to oxaliplatin. Downregulation of FKBP3 can attenuate the resistance of CRC cells to oxaliplatin by reducing HDAC2 expression. Moreover, FKBP3 can possibly regulate the PTEN/AKT pathway, and the PTEN/AKT pathway may be involved in FKBP3 regulation of chemoresistance in CRC cells. Importantly, our study suggests the possible clinical value and potential prognosis of FKBP3 and HDAC2 in chemotherapeutic resistance of CRC, which may contribute to CRC treatment.
